Vescalagin is an oak wood ellagitannin, which is biosynthesized in sapwood and insolubilized during the conversion of sapwood to heartwood. The insolubilization of this tannin was attributed to the conjugation of cell wall components, such as cellulose and lignin; however, the chemical mechanism is unclear. In this study, we examined the reactions of vescalagin with glucose and sinapylaldehyde as model experiments for the conjugation of vescalagin with cellulose and lignin, respectively. Heating vescalagin with glucose and sinapylaldehyde afforded conjugation products, the structures of which were determined by spectroscopic methods. The condensation of vescalagin with glycerol proceeded at room temperature. These results suggest that the insolubilization of vescalagin is caused by the formation of covalent bonds at the C-1 benzylic carbon of vescalagin with alcohols and α,β-conjugated carbonyl compounds.
Vescalagin (1) and its C-1 epimer castalagin (2) are the major ellagitannins found in the wood of oak (Quercus sp.) and chestnut (Castanea sp.) trees [1, 2] . Tannins are biosynthesized in the parenchymal cells of sapwood (i.e., the outer layer of wood,) and play a role in the defense mechanisms against microorganisms [3] . The concentration of tannins found in trees is at its highest at the interface between sapwood and heartwood [2] . The inner layers of a mature tree consist of heartwood, which is formed as the tree grows and is composed of only dead cells. Dynamic changes in tannin metabolism occur during the transformation of sapwood to heartwood; however, little is known about the details of these changes. The reduction observed in the concentration of extractable tannins during the transformation has been attributed to a reduction in the solubility of these materials in the wood tissues [1a,b] , which most likely contributes to the enhanced durability of the wood. Developing a better understanding of tannin metabolism in wood is not only important for plant physiology, but is also important for the practical application of these materials. For example, the heartwood derived from some oak trees is used to produce barrels for maturing wine and whiskey, as well as being used to make furniture. This paper describes our recent work towards clarifying the mechanisms responsible for the insolubilization of ellagitannins in heartwood. In particular, we have investigated the formation of covalent bonds between vescalagin and several other compounds, including glucose (3), methyl α-D-glucoside (4), glycerol (5) and sinapylaldehyde (6) , as model systems for the reactions of vescalagin with cellulose and lignin, which are major components of wood cell walls. Although several substitution reactions have been reported at the C-1 position of 1 with alcohols, thiols and catechins [4] , there have been no reports pertaining to the reaction of 1 with 3. Given that trees grow very slowly, it is generally believed that the insolubilization of ellagitannins in heartwood must also be very slow. For practical considerations, we therefore decided to evaluate the reactions conducted in the current study at 120°C to accelerate the reactions associated with the insolubilization process. When 1 or 2 was heated with 3 at 120°C for 30 min without solvent, 1 was completely consumed, resulting in the formation of a mixture of products ( Figure 3A ). In contrast, compound 2 was found to be stable under these conditions and did not react with 3. Similar phenomenon have been reported previously, and this difference in the reactivity of these two compounds can be explained by the formation of hydrogen bonding interactions between the C-1 hydroxy group and the adjacent phenolic hydroxy group in 2 [5] . Similar hydrogen bonding interactions would not be formed in 1.
To develop a better understanding of the products resulting from the reaction of 1 and 3, we heated a 50% MeOH solution (1 mL) of 1 (100 mg) and 3 (50 mg) at 120°C for 30 min. The solvent evaporated after a few minutes to give a residue, which was heated at the same temperature for the remainder of the reaction time. The reaction mixture was then purified by Sephadex LH-20 column chromatography to give two products 7 and 8, as well as allowing for the recovery of unreacted 1. Compound 7 was identified as 1-Omethyl vescalagin based on a comparison of its spectroscopic data with data from the literature [6] . The other product 8 was formed by the condensation of 1 and 3, as evidenced by the [M+Na] + peak observed at m/z 1119 in MALDI-TOF-MS. The 1 H and 13 C NMR spectra of this product contained signals consistent with the structures of 1 and 3. The glucose anomeric proton signals [δ H 5.15 (d, J = 3.7 Hz, α-glc-1), 4.57 (d, J=7.8 Hz, β-glc-1)] and carbon signals [δ C 93.2 (α-glc-C-1), 97.5 (β-glc-C-1)] indicated that this compound was an equilibrium mixture of the α-and β-anomers. Furthermore, a large downfield shift of the signals corresponding to the C-6 of glucose [δ C 68.9 (αglc-C-6) and δ C 69.1 (β-glc-C-6)] compared with the 3 (δ C 63.0) indicated that the C-6 position of the glucose moiety was connected to the vescalagin unit through an ether linkage. As for the vescalagin unit, the 13 C NMR signal of its C-1 position (δ C 68.2) was shifted downfield compared with that of 1 (δ C 65.8), suggesting that the ether linkage in 8 was formed between the C-6 and C-1 position of glucose and vescalagin, respectively. The stereochemistry at the C-1 position of the vescalagin unit was determined to be the same as that observed in 1 based on the small J 1,2 value (1.4 Hz). This result was consistent with those of previous studies [1c , 5] . Based on these spectroscopic data, the structure of 8 was concluded to be as shown in Figure 2 . Only the C-6 conjugate was purified in this study because of the complexity associated with the anomeric equilibrium of other positional isomers, and the reaction was not regioselective. This was supported by the reaction of 1 with methyl α-D-glucoside (4) under similar conditions: HPLC analysis of the reaction mixture revealed the presence of four peaks (t R 20.5, 25.3, 27.2 and 30.9 min), which were attributed to the four positional isomers resulting from reactions at the C-2, C-3, C-4 and C-6 hydroxy groups of the methyl glucoside ( Figure 3 ). In this experiment, the solvents used to mix the reactants were dried under reduced pressure prior to being heated to exclude the possibility of any side reactions with MeOH. To examine the temperature dependence of this reaction, we conducted similar experiments with glycerol at 30 and 100°C. HPLC analysis of the reaction conducted at 100°C revealed the presence three products with retention times of 12.9, 13.4 and 14.4 min ( Figure 4 ). MALDI-TOF-MS analysis of the reaction mixture showed a prominent peak at an m/z 1031, which was consistent with the [M+Na] + ion for the condensation of 1 with glycerol. Chromatographic separation of the products afforded 9, which was isolated as a mixture of two peaks with retention times of 12.9 and 13.4 min.
The 13 C NMR spectrum of 9 showed peaks corresponding to the glycerol methylene carbon signals at δ C 63.6 and 70.8, indicating that 9 was a diastereomeric mixture of the products generated by the condensation of 1 with the C-1 primary alcohol of glycerol ( Figure  5 ). The two peaks observed by HPLC analysis were therefore attributed to the presence of epimers at the C-2 position of the glycerol unit. Another product was observed with a retention time of 14.4 min, which was determined to be product 9a, resulting from the reaction of 1 with the C-2 secondary alcohol of glycerol; however, we were unable to achieve the purification of this product. These products were also produced when the reaction was conducted at 30°C for 20 h (Figure 4 ), indicating that the substitution reaction at the C-1 position of 1 with alcohols proceeds slowly at room temperature. Reactions with 3-5 was examined as mimics of reactions with cellulose and hemicellulose. Another important structural component of wood cell walls is lignin, which is biosynthesized by the polymerization of phenylpropanoids. Raman spectroscopy revealed the presence of α,β-unsaturated aldehyde groups in lignin [7] . Furthermore, it has been reported that heating oak wood generates 6 and coniferylaldehyde as the major products [8] . With this in mind, we examined the reaction of 1 with sinapylaldehyde (6) . A mixture of 1 and 6 was heated at 120°C for 30 min, and the resulting mixture was purified by chromatography over Diaion HP20SS to give compound 10 as the sole product. FAB-MS analysis of 10 revealed the presence of a [M+H] + ion at an m/z 1125, which indicated that this compound was formed by the condensation of 1 and 6. This result was also confirmed by the 1 H and 13 C NMR spectra, which were closely related to those of 1 and 6. However, the carbon signal corresponding to the C-1 of vescalagin was observed at δ C 41.1, suggesting that position had undergone a C-C bond-forming reaction with the sinapylaldehyde unit. As for sinapylaldehyde unit, proton signals attributable to the aldehyde (δ H 10.20, H-9) and conjugated double bond (δ H 7.37, H-7) were appeared as singlet signals, and the H-8 signal was not observed in the 1 H NMR spectrum. Based on these observations, it was concluded that the vescalagin unit was connected to the C-8 position of 6. The connectivity of the two units was further confirmed by HMBC analysis, which revealed several key correlations, as shown in Figure 6 . The small coupling constant observed for the H-1 proton in vescalagin (1.4 Hz) indicated that the configuration at the C-1 position was identical to that of compound 1. Based on these data, we concluded that the structure of 10 was as shown in Figure 6 . Finally, we examined the reaction of 1 with cellulose by adsorbing this compound onto microcrystalline cellulose powder and heating the resulting material at 120°C for 30 or 120 min, followed by extraction with 70% aqueous acetone. The recoveries of 1 from the powders heated for 30 and 120 min were 69% and 42%, respectively. The powder heated for 120 min was hydrolyzed with 2% H 2 SO 4 and analyzed by HPLC, revealing a peak corresponding to ellagic acid.
In this study, we have clearly demonstrated that the formation of covalent bonds between 1 and the many different cell wall components of wood cells (i.e., sugars and sinapylaldehyde) are most likely responsible for the insolubilization of ellagitannins in the wood of oak and chestnut trees. The high reactivity of the benzylic C-1 position of 1 can be explained in terms of the electrondonating phenolic hydroxyl group at the para-position (Figure 7) . Some questions remain, though, regarding the reactivity of the C-1 epimer 2, which was extremely low compared with that of 1; however, 2 decrease together with 1 in heartwood. The epimerization of 2 to 1 does not proceed easily because of the hydrogen bonding interactions observed between the C-1 hydroxyl group and the adjacent phenolic hydroxyl group in 2 [5] . Furthermore, although heartwood is composed of dead cells, active enzymes related to ellagitannin metabolism could still remain active. Further studies are therefore needed to understand the metabolism of ellagitannin in wood. 
Experimental
General: UV spectra were recorded using a Jasco V-560 UV/Vis spectrophotometer (Jasco Co., Tokyo, Japan). Optical rotations were measured using a Jasco P-1020 digital polarimeter. 1 H NMR, 13 
Reaction of 1 with methyl α-D-glucoside (4):
A 50% MeOH solution (0.5 mL) containing 1 (1 mg) and 4 (2 mg) was evaporated to dryness, and the resulting residue was dried in a vacuum oven. The residue was then heated at 120°C for 30 min, cooled to ambient temperature and dissolved in water for analysis by HPLC.
Reaction of 1 with glycerol (5):
A MeOH solution (2 mL) containing 1 (100 mg) and glycerol (5) (200 mg) in a glass bottom dish (5-cm i.d.) was concentrated to dryness under reduced pressure. The resulting residue was heated at 100°C for 30 min, cooled to room temperature and purified by column chromatography over a Sephadex LH-20 column (3-cm i.d. × 22 cm, 0%-100% MeOH, 10% stepwise, each 100 mL), followed by Diaion HP20SS column chromatography (3-cm i.d. × 18 cm, 0%-100% MeOH, 10% stepwise, each 100 mL) to give compound 9 (14.1 mg, 13.1%) and a mixture of 9 and its positional isomer 9a (61.2 mg, 56.7%). 
Compound 9

Reaction of 1 with sinapylaldehyde (6):
A MeOH solution (5 mL) containing 1 (100 mg) and 6 (200 mg) in a glass bottom dish (5-cm i.d.) was concentrated under reduced pressure to dryness. The resulting residue was heated at 120°C for 30 min, cooled to room temperature and purified by column chromatography over a Diaion HP20SS column (2-cm i.d. × 30 cm). Elution with H 2 O containing increasing proportions of MeOH (0%-100%, 10% stepwise, each 100 mL) yielded compounds 10 (60.8 mg, 50.5%), 1 (23.1 mg) and 6 (187.2 mg). 
Compound 10
Reaction of 1 with cellulose powder:
Vescalagin (1) (200 mg) was dissolved in 50% acetone (3 mL), and the resulting solution was mixed with microcrystalline cellulose powder (chromatographic grade, 10.0 g). After drying under reduced pressure, the cellulose powder was heated at 120°C for 2 h. The resulting powder was extracted with 70% acetone (3 × 50 mL), followed by acetone (2 × 30 mL) to give 1 (84.5 mg). The cellulose powder remaining after the extraction process was dried and hydrolyzed with 2% H 2 SO 4 in dioxane-H 2 O (1:1, v/v, 100 mL) at 100°C for 12 h. HPLC analysis of the mixture showed a single peak, which was attributed to ellagic acid. Another experiment was conducted where a mixture of cellulose powder (10.0 g) and 1 (200 mg) was heated at the same temperature for 30 min, resulting in the recovery of 139.1 mg of 1.
Supplementary data: NMR spectra for 8-10 are available.
